Abstract Although phospholipase B (PLB) enzymes have been described in eukaryotes from yeasts to mammals, their biological functions are poorly understood. Here we describe the characterization of plb1, one of five genes predicted to encode PLB homologs in the fission yeast, Schizosaccharomyces pombe. The plb1 gene is dispensable under normal growth conditions but required for viability in high-osmolarity media and for normal osmotic stress-induced gene expression. Unlike mutants defective in function for the stress-activated MAP kinase Spc1, plb1D cells are not hypersensitive to oxidative or temperature stresses, nor do they undergo a G2-specific arrest in response to osmotic stress. In addition to defects in osmotic stress response, plb1D cells exhibit a cold-sensitive defect in nutrient-mediated mating repression, a phenotype reminiscent of mutants in the cyclic AMP (cAMP) pathway. We show that, like plb1D cells, mutants in the cAMP pathway are defective for growth in high-osmolarity media, demonstrating a previously unrecognized role for the cAMP pathway in osmotic stress response. Furthermore, we show that gain-of function in the cAMP pathway can rescue the osmosensitive growth defect of plb1D cells, suggesting that the cAMP pathway is a potential downstream target of the actions of Plb1 in S. pombe.
Introduction
Phospholipases comprise a large group of structurally and functionally diverse enzymes that hydrolyze one or more ester linkages in glycerophospholipids (Ansell and Hawthorne 1964) . In addition to playing roles in membrane phospholipid metabolism and dietary lipid digestion, the lipolytic activities of phospholipases can lead to the release of bioactive molecules that regulate diverse biological processes, including cell cycle progression, apoptosis, cytoskeletal organization, neurological function, and inflammatory responses (Colley et al. 1997; James and Downes 1997; Gomez-Cambronero and Keire 1998; Pei and Williamson 1998; Wang et al. 2000; Capper and Marshall 2001; Cockcroft 2001; Nomura et al. 2001) . Phospholipases are classified according to the specificity of the ester linkage that is cleaved, although the nomenclature can at times be confusing because many phospholipases have multiple enzymatic activities (Ansell and Hawthorne 1964; Loo et al. 1997; Dennis 1999¸Ghannoum 2000) . Among this group of multi-functional phospholipases, phospholipase B (PLB) enzymes are perhaps the most poorly understood in terms of their biological functions. Strictly speaking, PLB is the designation given to phospholipases that catalyze the hydrolysis of fatty acids from both the sn-1 and sn-2 positions of glycerophospholipids (Ansell and Hawthorne 1964) . However, all enzymatically characterized PLB proteins have been shown to possess lysophospholipase activity, which cleaves fatty acids from lysophospholipids (Gassama-Diagne et al. 1989; , and PLB enzymes isolated from fungi possess a transacylase activity that catalyzes the synthesis of phospholipids from lysophospholipids Lee et al. 1994; Ghannoum 2000) .
PLB enzyme activities have been described in eukaryotes from fungi to mammals (Gassama-Diagne et al. 1989; Masuda et al. 1991; Saito et al. 1991; Lee et al. 1994; Takemori et al. 1998) . Fungi possess a class of highly homologous PLB enzymes that exhibit little sequence similarity to PLB proteins identified thus far in other eukaryotes (Ghannoum 2000) . Fungal PLB proteins exhibit a limited degree of sequence homology to members of the cytosolic phospholipase A2 (cPLA2) family of proteins (Sharp et al. 1994) , several of which have been shown to possess the lysophospholipase and transacylase activities common to fungal PLB enzymes (Leslie 1991; Reynolds et al. 1993; Hanel and Gelb 1995; Loo et al. 1997) . The physiological functions of fungal PLB enzymes are largely unknown. Three closely related members of the fungal PLB family, encoded by the PLB1, PLB2, and PLB3 genes, have been described in the budding yeast, Saccharomyces cerevisiae Fyrst et al. 1999; Merkel et al. 1999) . Simultaneous disruption of all three PLB genes in S. cerevisiae abolishes detectable levels of PLB and lysophospholipase activities, but does not result in any obvious phenotypic defects under normal growth conditions (Merkel et al. 1999) . A fourth, more distantly related PLB-like protein, Spo1, is required for meiosis and sporulation in S. cerevisiae (Tevzadze et al. 1996) . In the pathogenic dimorphic fungus Candida albicans, as well as the pathogenic yeast Cryptococcus neoformans, PLB enzymes have been shown to function as virulence factors (Ibrahim et al. 1995; Cox et al. 2001; Mukherjee et al. 2001) . However, as in budding yeast, the roles of these enzymes, if any, in cell physiology during the noninvasive growth phases of these fungi have not been determined. A homolog of yeast PLBs has also been described in the filamentous fungus Penicillium notatum, but its physiological functions are likewise unknown (Masuda et al. 1991; Saito et al. 1991) .
Although PLB genes have yet to be described in the fission yeast Schizosaccharomyces pombe, the genome sequence of this organism contains at least five genes predicted to encode members of the fungal PLB family of proteins. In this paper, we describe the characterization of one of these genes, which we have named plb1. Our results demonstrate that the plb1 gene product is required for osmotic stress response and for nutrient-mediated repression of sexual differentiation in S. pombe. We provide evidence that the functions of the Plb1 may be mediated, at least in part, by the cAMP pathway and in doing so establish a new role for the cAMP pathway in osmotic stress response in S. pombe.
Materials and methods
Yeast strains, DNA manipulations, and plasmids The S. pombe strains used in this study were SP870 (h 90 ade6-210 leu1-32 ura4-D18; from D. Beach), CHP428 (h + ade6-210 his7-366 leu1-32 ura4-D18), 586 (h -leu1-32 ura4-D18 wee1::ura4 plb1-1; from P. Nurse), SPPLB1-1 (h -ade6-210 leu1-32 ura4-D18 plb1-1; derived from a cross between 586 and CHP428), SPPLB1U (h 90 ade6-210 leu1-32 ura4-D18 plb1::ura4), DY114 (h 90 ade6-210 leu1-32 ura4-D18 cyr1::ura4; from M. Wigler), CHP459 (h + ade6-M216 leu1-32 ura4::fbp1-lacZ gpa2::ura4), RWP29 (h + leu1-32 ura4::fbp1-lacZ git3::GFP-kan; git3 is deleted with GFP-kan), CHP453 (h -leu1-32 ura4-D18 his7-366 pka1::ura4), and RWP38 (h + leu1-32 ura4::fbp1-lacZ cgs1::ura4). The plb1::ura4 mutant, SPPLB1U, was constructed by transforming SP870 with an SphIXmnI fragment of plb1::ura4 isolated from the plasmid pBSplb1::ura4. Standard yeast culture media and genetic methods were used (Rose et al. 1990; Alfa et al. 1993) . S. pombe cultures were grown in either YEAU (0.5% yeast extract, 3% dextrose, 75 mg/l adenine, 75 mg/l uracil) or synthetic minimal medium (EMM) with appropriate auxotrophic supplements (Alfa et al. 1993) . Yeast strains were transformed by the lithium acetate procedure (Rose et al. 1990 ).
pREP3xPlb1 contains the full-length plb1 cDNA under the control of the thiamine-repressible nmt1 promoter (Maundrell 1990) in the plasmid pREP3x (Forsburg 1993) . This plasmid was isolated from an S. pombe cDNA library constructed in pREP3x (see below). pREP3xGit3 and pREP3xGpa2 likewise allow for expression of the git3 and gpa2 sequences, respectively, from the nmt1 promoter. pBSplb1::ura4 was constructed as follows. A SalIBamHI fragment of plb1 was isolated from pREP3xPlb1 and cloned into the corresponding sites of pBluescript II, producing pBSIIplb1. pBSIIplb1 was digested with HindIII and ligated to the HindIII fragment of the S. pombe ura4 gene, producing the plasmid pBSIIplb1::ura4.
Cloning of the plb1 gene The plb1-1 mutation was identified as a recessive background mutation responsible for a high osmolarity-sensitive growth defect in the wee1D strain 586. Briefly, 586 was crossed to CHP428 and diploids produced from this cross were sporulated and subjected to tetrad analysis. The high osmolarity sensitive growth defect segregated 2:2 and was independent of the wee1D mutation. An S. pombe cDNA library constructed in the plasmid pREP3x (a gift from P. Nurse) was screened for clones that suppress this osmosensitive mutation. More than 20 full-length clones of plb1 were isolated as a result of this screen. Disruption of plb1 with the ura4 gene resulted in an osmosensitive growth defect. A plb1::ura4 strain was crossed to the osmosensitive mutant isolated from 586. Diploids isolated from this cross, as well as all progeny produced from a tetrad dissection of several diploids, were unable to grow in high osmolarity media, indicating that the hyperosmolarity defective mutation originally found in 586 is allelic to plb1. Thus, this mutant allele of plb1 was designated plb1-1.
Analysis of osmotic stress-induced expression of gpd1 S. pombe cultures (25 ml) were grown in EMM to a density of about 6·10 6 cells/ml, then mixed with equal volumes of EMM or EMM with 3 M KCl (for a final concentration of 1.5 M KCl) and incubated for 30 or 90 min. prior to harvesting of cells by centrifugation. Cell pellets were washed once with yeast lysis buffer (YLB; 10 mM TRIS-HCl pH 7.4, 10 mM EDTA, 0.5% SDS), then resuspended in 400 ll YLB and frozen at )80°C. Then 300 ll of water-buffered acid phenol (AP) (Ambion) was pipetted on top of the frozen cells. The suspension was then incubated at 65 C for 20 min. with vortexing at 5-min intervals. Cells were then placed on ice for 10 min. The aqueous phase was removed and extracted once with 250 ll of AP, followed by extraction with 150 ll of chloroform. RNA was precipitated by adding 30 ll of 3 M sodium acetate (pH 5.2) and 1 ml of 95% ethanol, and incubating on ice for 5 min. RNA was pelleted by centrifugation, washed with 500 ll of 70% ethanol, dried, and resuspended in 100 ll of TE buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA) that had been treated with diethylpyrocarbonate. RNA was resolved by agarose gel electrophoresis and immobilized on nylon membranes for Northern blot analysis of gpd1 expression.
Results
A member of the fungal PLB family is required for viability of S. pombe cells under high osmolarity growth conditions Our laboratory has been investigating the contributions of various cell cycle and morphological regulators to osmotic stress response in S. pombe. A wee1 deletion mutant that was being analyzed in our studies, 586, was found to carry a background mutation that caused a high osmolarity sensitive growth defect (see Materials and methods). A screen for S. pombe cDNAs capable of suppressing this defect resulted in the isolation of multiple full-length clones corresponding to a novel gene encoding a protein that exhibited a high degree of homology to members of the fungal PLB family of proteins (GenBank Accession No. AY235223). Since PLB encoding genes have not previously been described in S. pombe, we named this gene plb1, in accordance with the nomenclature that has been used for related genes in other fungal species. A BLAST search of the S. pombe genome database revealed that plb1 is one of five predicted genes encoding proteins highly homologous to fungal PLB enzymes (E values of 1·10 )64 to 6·10 )89 ; Fig. 1 ). An analysis of phylogenetic relationships revealed that PLB proteins in fungi in which more than one PLB enzyme has been identified (S. cerevisiae and C. albicans) or predicted from genome sequence data (S. pombe) exhibit a greater degree of structural similarity to other PLBs in the same species than to PLBs from other species (Fig. 1B) . This finding suggests the existence of a single ancestral PLB and implies that PLB multiplicity within a given species evolved after the evolutionary split from a common fungal ancestor.
The plb1 gene was disrupted with an S. pombe ura4 cassette in the wild-type S. pombe strain SP870. plb1::ura4 (plb1D) mutants exhibited no obvious growth defects on either complex rich medium (YEAU) or synthetic minimal medium (EMM) under normal growth conditions (Fig. 2 , left panels). However, they were inviable on YEAU or EMM containing 1.2 M KCl (Fig. 2 , right panels). These results demonstrate that the plb1 gene is required for cell viability in a high osmolarity growth environment. Microscopic analyses were performed to determine whether plb1D cells exhibit morphological defects under normal or hyperosmotic culture conditions. Under normal growth conditions, plb1D cells exhibited no obvious morphological defects, except that they divided, on average, at a length about 15% shorter than that of wild-type S. pombe cells (Fig. 3A) . In hyperosmotic media, wild-type S. pombe cells divide at a shorter length than they do under normal growth conditions (Kishimoto and Yamashita 2000) (Fig. 3B, left panel) . In contrast, we observed that septated cells in plb1D cultures incubated for 18 h in high osmolarity media were typically longer than wild-type cells grown under the same conditions (Fig. 3B, right panel). We also observed that in a large proportion of dividing plb1D cells, the septum was positioned substantially off-center (difference in length between the two daughter cells >15%), a defect that was rarely observed in wild-type S. pombe cultures (Fig. 3B , right panel). Incubation in hyperosmotic media also resulted in a higher incidence of cells with multiple septa (about 4% of septated cells) in plb1D cultures than in cultures of wild-type S. pombe cells (<0.5% of septated cells). plb1D cultures arrested growth in YEAU+1.2 M KCl with a similar frequency of septated cells as that observed in non-arrested cultures of wild-type S. pombe cells (about 9% of total cells). About 10% of plb1D cells were clearly necrotic (shrunken and/or lysed) after 18 h in YEAU+KCl, and the frequency of necrotic cells increased with prolonged incubation of the cultures (data not shown).
Nuclear staining experiments revealed that osmotic stress caused a substantial incidence of nuclear defects in plb1D cultures (Fig. 3C ). More than 10% of plb1D cells exhibited hypercondensed nuclei, whereas less than 2% of cells had hypercondensed nuclei in wild-type S. pombe cultures. We also observed a low incidence of nuclear cutting by the septum (''cut'' phenotype) in plb1D cultures, as well as instances in which septation had occurred without nuclear segregation, resulting in daughter cells (or cell compartments in the case of multi-septated cells) without a nucleus. These nuclear segregation defects were not observed in cultures of wild-type S. pombe cells grown in high osmolarity media. Perhaps as a consequence of nuclear cutting, fragmented nuclei were also commonly observed in plb1D cultures, but not in cultures of wild-type cells. Taken together, these observations indicate that loss of Plb1 function results in marked defects in the execution of mitosis and cytokinesis under conditions of osmotic stress.
Plb1 is required for normal osmotic stress-induced gene expression
Experiments were performed to determine whether Plb1 is required for osmotic stress-induced gene expression. The glycerol-3-phosphate dehydrogenase gene, gpd1, has been shown to be strongly induced by osmotic stress in S. pombe (Ohmiya et al. 1995) . To determine whether Plb1 is required for osmotic stress-induced expression of gpd1, we grew wild-type and plb1D S. pombe cultures in EMM to mid-log phase, then subcultured them into either EMM or EMM containing 1.5 M KCl and incubated for a further 30 or 90 min. The cultures were then harvested, and RNA was isolated and subjected to Northern analysis of gpd1 expression. As shown in Fig. 4 , osmotic stress-induced expression of gpd1 was greatly reduced in plb1D cells in comparison to wild-type S. pombe cells. The fact that Plb1 is required for osmotic stress-induced gene expression suggests a role for this protein in mediating osmotic stress-induced signal transduction in S. pombe cells. The modest increase in gpd1 expression observed in the plb1D mutant in response to osmotic stress may be an indication that one or more of the other PLB enzymes in S. pombe shares overlapping functions with Plb1.
Plb1 is not required for survival upon exposure to oxidative or heat stress
The major stress-responsive mitogen-activated protein kinase (MAPK) homolog in S. pombe, Spc1 (also known as Sty1 and Phh1), is required for cellular responses to multiple environmental stresses, including not only osmotic stress but also oxidative, heat, and UV stresses (Millar et al. 1995; Shiozaki and Russell 1995; Kato et al. 1996; Millar 1999) . Experiments were performed to determine if Plb1, like Spc1, is required for survival of S. pombe following exposure to oxidative or heat stresses. To induce oxidative stress, we incubated wild-type, plb1D, and spc1D cultures in YEAU containing 40 mM H 2 O 2 for 1 h, while heat stress was imposed by incubating cultures at 48 C for 10 min. After the respective stress treatments, cells were diluted into fresh medium and plated on YEAU. As shown in Fig. 5, plb1D cells survived exposure to both oxidative and heat stresses that were toxic to spc1D cells. Thus, unlike Spc1, Plb1 function is not required to survive exposure to oxidative or heat stress in S. pombe. Fig. 1A , B Homology of S. pombe Plb1 to other fungal PLB proteins. A Amino acids 48-598 of the 613-amino acid S. pombe Plb1 protein (Plb1-Sp) were aligned with the corresponding sequences of other predicted S. pombe PLB proteins (S. pombe cosmid sequences SPAC1A6.03c, SPAC1348.10c, SPCC1450.09c, and SPAC1786.02) and characterized or predicted PLB homologs from S. cerevisiae (Plb1-Sc, Plb2-Sc, and Plb3-Sc; Lee et al. 1994; Fyrst et al. 1999; Merkel et al. 1999) , C. albicans (Plb1-Ca and Plb2-Ca; Leidich et al. 1998; Sugiyama et al. 1999) , C. neoformans (Plb1-Cn; Cox et al. 2001) , P. notatum (PLB-Pn; Masuda et al. 1991) , and Neurospora crassa (PLBNc, GenBank Accession No. AAC03052) using the MegAlign program in Lasergene (DNAStar). Identical amino acids are indicated by black boxes, while similar amino acids are denoted by gray boxes. B Phylogenetic relationships among fungal PLB proteins. The dendrogram is based on the alignment shown in Fig. 2 and was constructed using the MegAlign program (http:// link.springer.de/link/sevice/ journals/00438/index.htm) Plb1 contributes to nutrient-dependent mating repression in S. pombe To determine if plb1D cells exhibit cold-or temperature-dependent phenotypes, we grew wild-type and plb1D cultures on YEAU at 20°C and 37°C, respectively. The plb1D mutant exhibited no obvious phenotypic defects at 37°C (data not shown). However, at 20°C, plb1D cultures grew more slowly than wild-type S. pombe cultures (Fig. 6A) . Microscopic analysis revealed that plb1D cells mated at a very high frequency Fig. 5 Plb1 is not required for survival upon exposure to oxidative or heat stress. Wild-type, plb1D, and spc1D cells were grown in YEAU to mid-log phase. Part of each culture was subjected to oxidative stress by adding hydrogen peroxide to a concentration of 40 mM, incubating for 1 h, then diluting into fresh YEAU and plating onto YEAU agar (about 5000 cells/plate). Another portion of each culture was subjected to heat shock by incubating at 48 C for 10 min, then diluting into cold YEAU before plating on YEAU agar (about 5000 cells/plate). Wild-type and plb1D cultures each survived oxidative and heat stresses, whereas spc1D cultures exhibited a much lower frequency of post-stress survival. The top row shows plates of unstressed control cultures Fig. 4 The plb1D mutant is defective in osmotic stress-induced expression of the gpd1 gene. Wild-type and plb1D S. pombe cultures were grown in EMM to mid-log phase, then mixed with equal volumes of either EMM or EMM containing 3 M KCl (for final concenrtation of 1.5 M KCl) and incubated for 30 or 90 min prior to the isolation of RNA and subsequent Northern blot analysis for expression of gpd1. Membranes were stripped and reprobed with the leu1 gene to check for equivalence of RNA loading Fig. 3A -C Microscopic analysis of the plb1D mutant. A Photomicrographs of wild-type (left) and plb1D (right) cells grown in YEAU to mid-log phase. Wild-type cells divided at an average cell length of 15.6 lm, while plb1D cells divided at an average length of 13.3 lm. B Wild-type (left) and plb1D (right) cells were grown in YEAU to mid-log phase, then subcultured into YEAU containing 1.2 M KCl and incubated for 18 h prior to microscopy. Arrowheads point to cells with misplaced and/or multiple septa. C Wildtype and plb1D cultures treated as in B were stained with DAPI to visualize nuclei by indirect fluorescence microscopy. Arrowheads point to cells with hypercondensed (intense, compact nuclear signal) and/or fragmented nuclei. The star indicates a cell in which the nucleus has been cut by the septum. This same cell also has two septa, and one of the three cell compartments lacks a nucleus Fig. 2 The plb1 gene is required for viability of S. pombe cells on high osmolarity media. Wild type and plb1D S. pombe strains were streaked onto YEAU and EMM or on the same media supplemented with 1.2 M KCl, as indicated, and incubated at 30°C for 2-6 days (YEAU, 2 days; EMM, 3 days; YEAU+KCl, 4 days, EMM+KCl, 6 days). Wild-type cells grew on both YEAU and EMM plates containing 1.2 M KCl, whereas plb1D cells did not on the nutrient-rich YEAU media, in contrast to wild type cells, in which mating response was substantially inhibited on YEAU (Fig. 6B) . Thus, the slow growth defect observed for plb1D cells at 20°C is likely to be caused by enhanced mating activity. Mating response in S. pombe is normally dependent on nutrient deprivation, and, in particular, starvation for glucose and nitrogen (Nielsen and Davey 1995; Stettler et al. 1996) . Mating response is inhibited under nutrient-rich conditions by a cAMP-dependent pathway in S. pombe, and cells lacking adenylate cyclase activity mate promiscuously on rich media (Kawamukai et al. 1991; Nielsen and Davey 1995) . Our finding that plb1D cells bypass nutritional repression of mating response suggests a potential functional link between Plb1 and the cAMP pathway. This speculation is supported by the results described in the following sections.
The cAMP pathway is required for survival of osmotic stress in S. pombe Given our observation that the plb1D mutant exhibits a severe defect in nutrient-mediated mating repression, experiments were performed to determine whether the cAMP pathway, like Plb1, contributes to osmotic stress response in S. pombe. S. pombe possesses a single adenylate cyclase-encoding gene, cyr1 (Young et al. 1989) , as well as a single gene, pka1, for a cAMPdependent protein kinase (Maeda et al. 1994) . Adenylate cyclase activity is positively regulated by several proteins in S. pombe, including the G protein alpha subunit encoded by the gpa2 gene, and a predicted seven-transmembrane-helix protein encoded by the git3 gene (Isshiki et al. 1992; Nocero et al. 1994; Welton and Hoffman 2000) . The single negative regulatory subunit of Pka1 in S. pombe is encoded by the cgs1 gene (DeVoti et al. 1991) . To determine whether the cAMP pathway is required for survival of S. pombe cells in high osmolarity medium, we compared the growth of wild type, cyr1D, git3D, gpa2D, and pka1D mutants in YEAU and YEAU containing 1.2 M KCl. As shown in Fig. 7A, cyr1D, gpa2D , and pka1D mutants were all inviable on YEAU+KCl, while growth of the git3D mutant was strongly impaired. As might be expected, the cgs1D mutant grew about as well as wildtype S. pombe cells on YEAU+KCl. These results demonstrate that the cAMP pathway is indeed required for survival of S. pombe cells in a high osmolarity growth environment.
We next determined whether adenylate cyclase function is required for osmotic stress-induced gene expression. Wild-type and cyr1D cells were incubated in EMM to mid-log phase, then subcultured into EMM+1.5 M KCl and incubated for 90 min to induce hyperosmotic shock, prior to harvesting of the cultures and isolation of RNA for Northern analysis of gpd1 expression. As shown in Fig. 7B , cyr1D cells exhibited a modestly reduced level of osmotic stressinduced expression of gpd1 relative to wild-type S. pombe cells. However, the difference was not as great as that observed between wild-type cells and the plb1D mutant (see Fig. 4 ).
Loss of Plb1 function is suppressed by gain of function in the cAMP pathway
We next sought to determine whether gain of function in the cAMP pathway can suppress loss of Plb1 function or vice versa. Genetic studies indicate that adenylate cyclase can be activated in S. pombe by overexpression of the gpa2 gene (Nocero et al. 1994; Welton and Hoffman 2000) . As shown in Fig. 8 , plb1D cells transformed with a plasmid in which gpa2 is overexpressed from the strong nmt1 promoter (Maundrell 1990 ) were capable of growing on EMM containing 1.2 M KCl, whereas cells transformed with a control plasmid were not. We determined further that overexpression of the git3 gene is likewise capable of suppressing the plb1D mutation (Fig. 8 ). These results demonstrate that loss of Plb1 function can be rescued by gain of function in the cAMP pathway. In reciprocal experiments, we determined that overexpression of plb1 could not rescue the osmosensitive growth defect of the adenylate cyclase null mutant (data not shown). Taken together, these results are consistent with a model in which Plb1 functions upstream of adenylate cyclase in mediating osmotic stress response in S. pombe. Fig. 6A , B The plb1D mutant exhibits a cold-sensitive defect in nutrient-dependent mating repression. A Wild type (left) and plb1D (right) cells were streaked onto YEAU, and incubated at 20°C for 5 days prior to photographing a group of isolated colonies of each culture. B Photomicrographs of cells from the cultures shown in A. The plb1D culture (right panel) exhibited very high mating activity, as indicated by the high frequency of zygotes (e.g., note the cell marked by the white arrowhead) and asci (e.g., note the cell indicated by the black arrowhead). Zygotes and asci were relatively rare in the wild-type culture (left panel)
Discussion
We have described the characterization of a new member of the fungal PLB protein family, Plb1, in the fission yeast S. pombe. Our results demonstrate that Plb1 is required for survival of S. pombe cells under high osmolarity growth conditions, for normal osmotic stress-induced gene expression, and for nutrient-mediated repression of sexual differentiation. This last phenotype is shared by mutants in the cAMP pathway in S. pombe, and this prompted us to investigate whether the cAMP pathway, like Plb1, is required for osmotic stress response. We determined that the cAMP pathway is indeed essential for survival of osmotic stress in S. pombe, thus demonstrating a previously unrecognized role for cAMP in this organism. Furthermore, we found that loss of Plb1 function could be suppressed by gain of function in the cAMP pathway but not vice versa. Taken together, our findings suggest that the effects of Plb1 in S. pombe may be mediated, at least in part, by the cAMP pathway.
The molecular mechanisms by which Plb1 function contributes to osmotic stress response in S. pombe remain to be elucidated. One possibility is that Plb1 is involved in regulating the production of lipid or lipidderived second messengers, such as arachidonic acid and inositol triphosphate, perhaps in concert with other phospholipid/lipid-modifying enzymes. This is an attractive hypothesis, given our genetic data suggesting a functional link between Plb1 and the G protein-dependent adenylate cyclase in S. pombe. An alternative model is that the actions of Plb1 lead to changes in membrane lipid composition that induce stimulatory conformational changes in membrane-associated mediators of osmotic stress response. In considering these possible roles for Plb1, it is noteworthy that the putative adenylate cyclase activator, Git3, is a predicted seventransmembrane-helix protein and that adenylate cyclase itself is a peripheral membrane protein (Kawamukai et al. 1991; Welton and Hoffman 2000) . As we have shown that loss of Plb1 is rescued by overproduction of Git3, this protein may be positively regulated by Plb1-mediated phospholipid metabolism. It remains to be determined whether the cAMP pathway is the sole mediator of Plb1 activity in S. pombe cells. Our observation that plb1D cells exhibit a substantially greater defect in osmotic stress-induced expression of the gpd1 gene than that observed in cells lacking adenylate cyclase raises the possibility that Plb1 may have additional targets.
Unlike mutants defective in the function for the Spc1 stress-responsive MAPK pathway, plb1D cells do not Fig. 7A , B Involvement of the cAMP pathway in osmotic stress response. A The cAMP pathway is required for viability of S. pombe cells in high osmolarity medium. Wild-type, cyr1D, gpa2D, git3D, pka1D, and cgs1D cells were streaked onto YEAU (left) or YEAU containing 1.2 M KCl (right) and incubated at 30°C for 2 and 4 days, respectively, prior to photographing the plates. Wildtype and cgs1D cells grew on YEAU+KCl, whereas the other strains were either inviable (cyr1D, gpa2D, and pka1D) or strongly growth impaired (git3D) on the same medium. B Adenylate cyclase is required for full induction of gpd1 expression in response to osmotic stress. Wild-type and cyr1D S. pombe cultures were grown in EMM to mid-log phase, then mixed with equal volumes of either EMM or EMM containing 3 M KCl (for a final concentration of 1.5 M KCl) and incubated for 90 min, prior to isolation of RNA and subsequent Northern blot analyses for expression of gpd1. Membranes were stripped and reprobed with the leu1 gene as a standard for RNA loading Fig. 8 The osmosensitive growth defect of the plb1D mutant is rescued by overproduction of the adenylate cyclase activators Gpa2 and Git3. The plb1D mutant was transformed with plasmids for overexpression of plb1 (pREP3xplb1), gpa2 (pREP3xgpa2), or git3 (pREP3xgit3), as well as the empty vector pREP3x. Transformants were grown on EMM plates, then subcultured onto either EMM (top) or EMM containing 1.2 M KCl (bottom) and incubated at 30 C for 3 and 6 days, respectively undergo cell cycle-specific growth arrest in response to osmotic stress, nor are they hypersensitive to heat or oxidative stress. In addition, under normal growth conditions, mutants in the Spc1 pathway are delayed in G2/M progression (Shiozaki and Russell 1995) , whereas plb1D cells undergo this transition in a modestly accelerated fashion, as judged by the average length at which cells undergo division. The marked phenotypic differences between mutants in the Spc1 pathway and plb1D mutants suggest that Plb1 and Spc1 may function in separate pathways. This idea is supported by our results suggesting a functional link between Plb1 and cAMP pathway, as the cAMP pathway has been shown to act in opposition to the Spc1 pathway in the regulation of glucose responsive gene expression in S. pombe (Neely and Hoffman 2000) . While osmotic stress does not cause a cell cycle-specific block in plb1 mutant cultures, a substantial frequency of defects in mitosis and/or cytokinesis can be observed, namely a relatively high incidence of cells with hypercondensed nuclei, as well as lower frequencies of cells with mis-segregated, cut, and/ or fragmented nuclei and cells with multiple septa. These observations suggest that Plb1 function may be required for proper regulation of some aspects of mitosis and cytokinesis under high osmolarity growth conditions.
The biological functions of PLB proteins in eukaryotic cells are poorly understood. Although PLB activities have been isolated from mammalian cells, their biological functions are unknown, as published studies to date have been mostly limited to analyses of enzymatic activities in vitro and the tissue distribution of a single molecularly cloned PLB isozyme (GassamaDiagne et al. 1989; Delagebeaudeuf et al. 1998) . PLB enzyme activities have also been isolated from plants (Matsuda and Hirayama 1979; Kim et al. 1994 ) and a variety of insect and reptile venoms (Doery and Pearson 1964; Shiloah et al. 1973; Bernheimer et al. 1987; Matuszek et al. 1994; Abe et al. 2000) . S. pombe Plb1 belongs to a structurally unique class of fungal PLB enzymes, which, in addition to PLB activity, possess lysophospholipase and lysophospholipid transacylase activities. Several fungal species, including S. pombe (this study), S. cerevisiae Fyrst et al. 1999; Merkel et al. 1999) , and C. albicans (Leidich et al. 1998; Sugiyama et al. 1999) , possess multiple PLB isozymes. The substantial conservation and reiteration of these proteins in fungi suggests that they are likely to have important biological functions. However, prior studies have failed to provide significant insights into the cellular functions of fungal PLB proteins, except that these enzymes have been implicated as virulence factors in the pathogenic fungi C. albicans and C. neoformans (Ibrahim et al. 1995; Cox et al. 2001; Mukherjee et al. 2001) . The role(s) of PLB enzymes in fungal virulence have yet to be established, although it has been speculated that they may digest host cell membranes (some PLB enzyme activity is secreted) or catalyze the release of lipid second messengers necessary for establishing and/or maintaining the invasive growth phase (Ghannoum 2000; Noverr et al. 2001) . In considering a possible signaling role for PLB enzymes in fungal pathogenicity, it is worth noting that, in C. albicans, adenylate cyclase activity is required for fungal virulence and, in particular, for the conversion from a non-invasive yeast phase of growth to a highly invasive filamentous growth phase (Rocha et al. 2001 ). It will be of great interest to determine whether adenylate cyclase is a target of PLB activity in pathogenic fungi, as appears to be the case in S. pombe.
The elucidation of an essential growth function for a PLB enzyme in S. pombe makes this genetically tractable yeast an ideal model organism for gaining new insights into cellular and molecular functions of PLB enzymes in fungi and perhaps other eukaryotes as well. Our results also point to the use of S. pombe as a powerful tool for the screening of potential inhibitors of fungal PLBs, which, by virtue of their unique structure and important roles in fungal pathogenesis, have significant promise as targets for antifungal drug therapy.
